Molecular dynamics simulations are conducted for concentrated solutions of flexible polymers. The results are contrasted with literature dielectric spectroscopy data, in an attempt to elucidate the observed phenomena from a molecular level perspective. A bead-spring model is used and systems with chain sizes up to Nϭ150 beads at reduced densities 0.5рр0.8 are studied. The dimensions of the chains follow a universal behavior with /*, where * is the crossover density demarcating the onset of chain overlapping. All the chains are found to follow random-walk behavior. The global motion of the chains is investigated in terms of the dielectric loss EЉ. As in dielectric spectroscopy experiments, the motion of the chains induces prominent dielectric relaxation at low frequencies. The shape of EЉ broadens with increasing density, and a normal-mode analysis indicates that overlapping of the chains with increasing density progressively renders the distribution of relaxation times more heterogeneous. For denser systems a second, smaller peak appears at the high frequency end of the spectrum. This secondary peak is not identified with segmental motion, since the simulated chains lack components of the segmental dipoles perpendicular to the chain contour. Entanglement effects are investigated calculating the mean squared displacement g 1 (t), and the results suggest that the topological constraints of entanglements render at least two different relaxation mechanisms with disparate time scales important. An attempt to explain the shape of the spectra in terms of a phenomenological separation of the motion of chains into a rotational and a stretching mode showed that stretching plays no important role in the relaxation function and the shape of EЉ.
I. INTRODUCTION
In a recent work, 1 we examined structural and dynamic characteristics of macromolecules in dilute and semidilute solutions of a good solvent using molecular dynamics simulations. The results were compared with dielectric spectroscopy experiments. In the present article we extend the study to polymers in concentrated solutions and melts. The objective is to elucidate at the molecular level the phenomena observed experimentally and to complement existing theories.
Dielectric spectroscopy is a valuable tool for characterizing the behavior of polymer systems. [2] [3] [4] The global motion of type-A polar polymers, which possess dipoles aligned head-to-tail along the chain backbone, 5 induces a slow dielectric relaxation process. This process, called the ''dielectric normal-mode relaxation, '' 6 has been the subject of dielectric spectroscopy studies. Specifically, one obtains the dielectric permittivity ⑀* from the response of the system to external electric fields ⑀*͑͒ϭ⑀ЈϪi⑀Љϭ⑀ ϱ ϩ͑⑀ s Ϫ⑀ ϱ ͒
In Eq. ͑1.1͒ ⑀Ј is the real dielectric permittivity and ⑀Љ is the dielectric loss. ⑀ s and ⑀ ϱ are the low and high frequency limits of the permittivity. R (t) is the equilibrium autocorrelation function of the chain end-to-end vector, defined as
͑1.2͒
Consequently, one can obtain R (t), i.e., information on the equilibrium dynamic properties of the chains, from ⑀* and vice versa. In Eq. ͑1.2͒, only the autocorrelation terms are considered, as it has been shown that cross-correlation terms are negligible for homogeneous solutions. 1, 6 Using dielectric spectroscopy, Adachi and co-workers, [6] [7] [8] [9] [10] Imanishi and co-workers, 11, 12 and Boese and Kremer 13 have investigated extensively the normal-mode relaxation of cis-polyisoprene ͑PI͒, a type-A polar polymer, in concentrated solutions and melts. There is a number of issues that were raised in these studies and it is of interest to employ molecular dynamics simulations to clarify them.
Adachi et al. calculated the relaxation time n of the normal-mode process as the inverse of the frequency where the maximum dielectric loss occurs. They found that for chains of length below a critical molecular length M c , n exhibits a molecular weight dependence n ϰM 2 , in agreement with the Rouse theory.
14 For PI, the critical molecular weight is M c Ӎ10 4 in the bulk and Adachi and Kotaka found that the critical molecular weight for concentrated solutions is inversely proportional to the concentration, i.e., M c ϰC Ϫ1 . 10 For chains longer than M c , n followed a power law n ϰM 4 tion function R (t) from the dielectric spectra and they fitted it with a Kohlraush-Williams-Watts ͑KWW͒ function, R (t)ϭexp(Ϫ(t/ KWW ) ␤ ). The relaxation times KWW scaled with the molecular weight as KWW ϰM 3.7Ϯ0.1 for chains with M ϾM c . The reptation theory, based on the reptation and entanglement ideas, 15 and the tube theory, 16 predicts a power of 3.0 for the scaling of the longest relaxation time with the size. The discrepancy between the experimental findings and the theoretical prediction led to attempts to elaborate the reptation theory to account for additional relaxation mechanisms, such as contour length fluctuation, 16 constraint release effect, 17 double reptation, 18 and tube dilation. 19 In addition to the reptation theory, other attempts have been made to explain entangled polymer systems, such as the generalized Rouse mode theory, 20 and the polymer mode coupling theory. 21 The existing theories manage to account for a host of observed phenomena in experiments. Nevertheless, to date there is no universally accepted theoretical model explaining the behavior of entangled macromolecules in an unambiguous and predictive manner.
Adachi and co-workers 6-10 also examined the shape of the dielectric loss spectra. The Rouse and reptation theories predict the same relaxation spectrum, hence identical dielectric loss curves for entangled and nonentangled polymer systems. According to these theories the correlation of the endto-end vector is given by
where p is the relaxation mode for the pth independent mode of motion. The Rouse model gives
where N is the number of beads, b the average length between beads and the friction coefficient per bead. Reptation theory, which postulates that entangled chains diffuse along their own contour inside a tube formed by the surrounding matrix of other macromolecules, gives
where L is the length of the tube and D c is the diffusion coefficient of the chain along the tube. From Eq. ͑1.2͒ one obtains for the dielectric loss
where is the frequency. Studying the loss curves of PI solutions from infinite dilution to the melt, Adachi and co-workers found that at low concentrations the spectra agree reasonably well with the Rouse theory. Increasing the concentration, the spectra broaden considerably and none of the theories can account for this behavior. For dense systems and melts the spectra were also found, by Imanishi et al., Adachi and Kotaka, and Boese and Kremer, to be broader than the theoretical Rouse/ reptation spectrum. Adachi and Kotaka, 6 in a review of the findings of various dielectric spectroscopy experiments, indicate that the ⑀Љ curves of bulk systems, as observed by a number of independent studies, have a broader distribution of relaxation times in the high frequency side of the peak. The breadth of the curves increases with increasing concentration and molecular weight. On the low frequency side of the spectrum all the curves have the same slope of 1.0, as predicted by the theories. This indicates that there exists no mode distribution for times greater than the normal-mode relaxation time n .
Imanishi et al. 12 transformed the ⑀Љ curves of bulk PI systems into the relaxation spectra g(), assuming that
They found that g() exhibits a sharp peak at the long time region, which can be attributed to the normal-mode process. A weaker secondary peak was also observed for shorter times. The intensity and the resolution of the secondary peak increased with concentration and molecular weight. In addition, a third peak appears due to the segmental relaxation mode, i.e., the decay of polarization due to the perpendicular dipole components of PI, the response of which is captured by spectroscopic methods at high frequencies. Fodor and Hill 22 decoupled the segmental and the normal-mode relaxation peaks, using theoretical models, and also found a secondary peak at intermediate frequencies, between the normal-mode and the segmental motion peaks. To date, however, there is no unambiguous proof of the existence of a secondary peak and no clear indication about the nature of polymer dynamics that might induce such a peak in the dielectric loss spectrum.
Adachi, Okazaki, and Kotaka, 8 in an earlier work, attempted to explain the shape of the dielectric spectra, suggesting the existence of three independent modes of motion: ͑a͒ reptation, ͑b͒ stretching, and ͑c͒ the motions of the chain ends. However, the suggestion that these modes were uncoupled was later questioned by Imanishi et al. 11 Moreover, these experimental findings were subject to error due to the broad molecular weight distribution of the samples used. Adachi and Kotaka 6 and Fodor and Hill 22 have stressed the influence of the molecular weight distribution on the breadth of the dielectric loss curves. Nevertheless, the premises of this trimodal model have not yet been quantitatively examined.
From the above findings it becomes evident that there is a number of experimental observations, such as the scaling of normal-mode relaxation times with the chain size, the broadening of the loss spectra and the appearance of the secondary peak at the high frequency end, that cannot be predicted by existing theories. There exists no clear explanation for the exact nature of the normal-mode dielectric process, so it would be desirable to devise means of probing polymer properties at a microscopic level.
Our grasp of polymer behavior has been enhanced decidedly by computer simulations that can probe deeply at the molecular level. 23 Polymer melts have been studied in detail by Kremer and Grest. [24] [25] [26] Using molecular dynamics of a bead-spring model they investigated static and dynamic properties of melts. A Rouse normal-mode analysis of the simulated trajectories revealed the transition from Rouse to reptation behavior for chains of Nу35 beads and demonstrated that the reptation theory describes rather well the motion of polymer chains in the bulk. Kremer and Grest were also able to map the simulation parameters to real polymer properties, by comparing their results with diffusion and viscoelastic experiments.
We have used their model to simulate dilute and semidilute solutions of polymers in good solvents. 1 Comparing our results with dielectric data we reached the same mapping for PI as the one proposed by Kremer and Grest. We identified crossover concentrations * that demarcate the dilute and semidilute regimes. We studied the gradual shift from self-avoiding-walk chains at low concentrations to random walk-chains at semidilute solutions and inferred, comparing our results with experiments, that for densities Ͼ8* hydrodynamic interactions and excluded volume effects are effectively screened out. From the equilibrium correlation functions we calculated the dielectric loss spectra and found that they broaden with increasing concentration and molecular weight. The broadening was definitely related to chain overlapping. A similar study was later performed for dilute and semidilute solutions of polymer chains in a solvent and a detailed normal-mode analysis of the simulation trajectories confirmed this conclusion. 27 In the present article we extend our studies of polymers in good solvents to higher concentrations and attempt to address some of the aforementioned issues by comparing our results with literature dielectric spectroscopy data. The main focus is the dynamic behavior of macromolecules in concentrated solutions, but the dimensions and structural quantities of chains are also investigated. This paper is organized as follows. In Secs. II and III we present the simulation methodology and results, respectively. The equilibrium dimensions of polymers are determined as functions of concentration and molecular weight and the dynamic properties of the chains are analyzed in terms of the normal-mode dielectric process. Finally, Sec. IV summarizes our results.
II. SIMULATION METHODOLOGY
A well established bead-spring model has been adopted in this study. The details of the methodology have been presented elsewhere;
1,24 here we summarize briefly the basic elements of the method. The fundamental length dimension is the size of the beads, . The beads are considered to interact with each other via a purely repulsive Lennard-Jones potential U LJ , with an interaction parameter ⑀ and a cutoff range r c ϭ(2) 1/6 . Consecutive beads in a chain interact with a finitely extensible nonlinear elastic potential, U FENE . The solvent is not considered explicitly. Instead, the beads are coupled with a heat bath and a stochastic Brownian force F b is applied on the beads. The forces F b on each bead are obtained from a Gaussian distribution with zero mean, ͗F b (t)͘ϭ0, and a second moment
where is the coefficient of the friction force on each bead i that couples the beads to the heat bath, m is the mass of the beads, k B is the Boltzmann factor, and T the temperature. For all the simulations k B Tϭ1.2⑀. Reduced units were chosen, so that ϭ1, ⑀ϭ1, and mϭ1. Simulations for systems of M m chains with N beads were performed, with Nϭ50, 100, and 150, at reduced densities ϭ0.5, 0.6, 0.7, and 0.8, with ϭNM m /V. V is the reduced volume of the simulation box, Vϭ(L/) 3 . L is the simulation box length. The number of chains used was large enough to eliminate sample size effects and usually ranged from M m ϭ20-30 chains per system. In our earlier paper, 1 systems of densities up to ϭ0.4 were simulated under the same conditions. Kremer and Grest 24 simulated dense polymer systems at ϭ0.85. The only difference with the present study is that the temperature they used was k B Tϭ1.0⑀. We chose a slightly higher temperature, since the chains relax faster. However, we do not expect any significant differences in the properties of the dense systems. Hydrodynamic interactions ͑HI͒ are not considered by our model. It was shown 1 that for dense systems, as the ones studied here, HI are effectively screened. Consequently, this model can adequately describe the dynamics of concentrated polymer solutions.
A self-avoiding random walk scheme was employed to generate initial conditions close to equilibrium. After equilibration most of the systems were run for 5 to 6 times the longest relaxation time of the chains motion. Kremer and Grest 25 have argued that for accurate statistics to be obtained, the systems have to be simulated for around 10 times the longest relaxation time. Here we have used a parallel computational scheme, where 4-8 different nodes perform the simulation of each system, starting from different initial configurations. We have verified that using this method the results are at least as accurate as running for longer times, an argument that is also supported by the ergodicity hypothesis. Only for the largest system we studied, i.e., with Nϭ150 at ϭ0.8, did the simulation time not exceed three times the longest relaxation time. The dynamic properties in this case are subject to error on the order of 10%.
The equation of motion for each bead
is solved using a velocity Verlet algorithm, 28 with a time step ⌬tϭ0.012, where ϭ(m/⑀) 1/2 . In our previous work, 1 we modeled the chains as type-A polar polymers by adding charges of opposite signs at the end beads. The charges were coupled to external electric fields and the dielectric permittivity ⑀*() was determined from the system response. However, it was found that the equilibrium correlation function of the end-to-end vector is congruent with the nonequilibrium response. In addition, the transient response can be quite noisy, unless large systems with many chains are used. Therefore, in this study we drop the charges and only use equilibrium simulations. The presence of dipoles did not influence the static and dynamic properties of the chains in any significant fashion. 1 Comparing the simulation results with dielectric spectroscopy data we reached the following mapping of the model parameters: One bead equals 1.69 PI monomers, 1 Ӎ0.67 nm and 1Ӎ8.7ϫ10 Ϫ11 s.
III. RESULTS AND DISCUSSION

A. Polymer dimensions
The mean computed squared end-to-end distance ͗R 2 ͘ and the radius of gyration ͗R G 2 ͘ are presented in Table I .
They are computed as follows:
͑3.2͒
respectively, where r cm is the chain center of mass. The brackets indicate ensemble averages. The error of the calculation for the static properties is on the order of 3%. The crossover concentrations * that demarcate the dilute and semidilute solutions were determined in Ref. 1 chains with Nϭ50, 100, and 150, respectively͒, 1 the property of universality of polymer solutions becomes obvious. In Fig. 1 we show such a plot including the results of Ref. 1, using closed symbols, and the results of the present study, using open symbols. It is observed that the universal behavior is followed by the polymer chains throughout the concentration range.
The dependence of the chain size on the reduced density follows a scaling law (͗R
Ϫ1/3 at low dilutions, as seen from Fig. 1. In Fig. 1 Another important quantity that can be extracted from the simulations is the single-chain structure factor
͑3.3͒
where q is the wave vector with units of inverse length. According to DeGennes' scaling theory, 15 S(q) scales as S(q)ϰq Ϫ2.0 in the range R G Ϫ1 ӶqӶ Ϫ1 for random-walk ͑RW͒ chains. In Ref. 1 it was found that, according to this criterion for all systems at Ͼ8* the chains follow RW behavior. In Fig. 3 , S(q) is plotted versus q for chains with Nϭ50, Nϭ100, and Nϭ150 at ϭ0.6. The slope of S(q) is Ϫ2, indicating RW chains. The same slope was found for all of the systems studied.
B. Relaxation spectra and normal-mode relaxation times
Following the discussion in the Introduction, the key quantity for computing dielectric spectra of type-A polar macromolecules is the end-to-end vector autocorrelation function, R (t). In Fig. 4 , R (t) is plotted at ϭ0.8 and three different chain lengths. It is observed that for long time scales R (t) relaxes as a single exponential. This indicates that there is a single dominant long-time relaxation mode. At short times there is significant curvature, however, indicating that several modes of motion are important in this range From Eq. ͑1.1͒ the normalized dielectric permittivity E*ϭ⑀*/(⑀ s Ϫ⑀ ϱ ) can be calculated from R (t). The imaginary part is the normalized dielectric loss, EЉ, which is plotted in Figs. 5͑a͒-5͑c͒, for systems with Nϭ50, 100, and 150, respectively. In these figures we also plot with dashed lines the dielectric spectra of the dilute systems, ͑with densities ϭ0.01, 0.03, 0.1, 0.2, 0.3, and 0.4͒ calculated in Ref. 1 . In that work, it was found that for the most dilute systems the spectra are essentially identical with the Rouse spectrum, calculated by Eqs. ͑1.3͒ and ͑1.4͒.
In Fig. 5͑a͒ , the spectra for Nϭ50 broaden slightly with increasing density as a result of overlapping. For the most dense systems, at ϭ0.7 and ϭ0.8, another small peak emerges at the high frequency side of the spectra. Kremer and Grest calculated that for this system, the entanglement length at k B Tϭ1.0⑀ and ϭ0.85 is N e ϭ35. We would, therefore, expect that the denser systems are in the entanglement regime and assume that the second peaks are results of entanglement phenomena. However, these peaks might also stem from artifacts in the spectra calculation process as speculated in Ref. 1 . The most accurate, consistent and flexible method for finding EЉ is to fit a series of exponentials to the simulation correlation function R (t) and then take the Fourier-Laplace transform analytically. This process introduces artifacts, especially at short times ͑high frequencies͒, that could result in the appearance of the second peaks. We do think, however, that these secondary peaks are indeed real. This contention can be supported by examining the spectra of the systems with longer chains.
For Nϭ100, the spectra broaden more conspicuously with increasing density. The secondary peaks appearing at the high frequency side of the curves reflect relaxation processes that are 2 to 3 orders of magnitude faster than the normal-mode processes ͑main peaks͒ and are rather clearly separated, whereas in the case of Nϭ50 the two peaks are separated by only 1-1.5 decades. Given the large difference in the time scales of the two peaks, we do not believe that the secondary peak is an artifact of the calculation procedure.
This suggestion is further supported by the spectra of chains with Nϭ150 beads, in Fig. 5͑c͒ . The spectra broaden with increasing concentration, when crossing the regime of dilute and semidilute solutions at around ϭ0.2. Increasing the concentration further, over ϭ0.5, the main peak breadth decreases slightly and a second peak appears at the high frequency side of the curve. It is seen that, upon increasing the concentration, the second peak follows the trend of the main peak, shifting to lower frequencies. While the position of the main peak is well defined, the accuracy of the calculations does not allow us to conclude more definitely on the position of the second peak and on any possible scaling with the molecular weight and the concentration. However, we are led to the conclusion that there are at least two different relaxation processes, the separation of which might be the result of entanglements. Perhaps, both processes are present even for nonentangled systems, but for dilute solutions their time scales are such that they merge, resulting in spectra close to the Rouse one. Increasing the concentration, the two processes become more disparate, initially resulting in a broader main peak and then further separating to form two distinct peaks in the frequency domain, when entanglements set in.
These findings cannot be reconciled by the reptation theory. In Fig. 6 the discrepancy between simulations and the theoretical prediction becomes evident. We have plotted the reduced spectrum EЉ/E max Љ for Nϭ150 at ϭ0.7 and the reduced reptation spectrum from Eq. ͑1.6͒. It is observed that the main peak has a distribution close to the one given by the reptation theory, in the low frequency side. For higher frequencies the main peak is broader than the reptation curve. There is also another clear secondary peak that is not predicted by the theory.
The simulation results are, however, consistent with experimental results. As mentioned in the Introduction, Fodor and Hill 22 identified a secondary peak at intermediate fre- quencies between the normal-mode and segmental relaxations. Also, Imanishi et al. 11 extracted the relaxation time spectra from PI dielectric data and found two distinct peaks, in addition to the segmental mode one. Fodor and Hill noted that a clear interpretation of the experimental findings is impeded by the limited reliability of the theoretical models, that renders the subtraction of the segmental mode from the dielectric signal rather arbitrary. Another question is raised about the accuracy of experimental results, considering the molecular weight distribution ͑MWD͒ of experimental systems. Although typical experimental systems are of very narrow MWD, it has been found that the MWD influences the breadth of the relaxation spectra strongly. 6, 22 Simulations can address both these issues, since there is no segmental mode affecting the calculated spectra and in addition, they can provide the possibility of examining monodisperse systems. Therefore, simulations can shed additional light onto the appearance of a second peak in the normal-mode relaxation process.
A first step to decipher the simulated spectra can be taken by calculating the normal modes of the chain motion, X p (t), 24 given by
The correlation function of the modes decays as a single exponential, exp(Ϫt/ p ), according to the Rouse/reptation theory, with p the characteristic relaxation time of each mode.
From the simulation trajectories we calculated the correlations
for pϭ1,2,..,7 using Eqs. ͑3.4͒ and ͑3.5͒. In Fig. 7 we plot
2 . The mode autocorrelation functions for Nϭ50 decay almost as single exponentials, in agreement with the theory. However, there is some slight curvature for Nϭ100 that becomes more pronounced for Nϭ150, suggesting a broader distribution of relaxation times than predicted by theory. In addition, although it seems that the scaled modes for chains with Nϭ50 roughly collapse onto a single curve, as the theory suggests, for chains with Nϭ150 the scaling of the mode relaxation times deviates significantly from the Rouse model prediction. We have calculated the normal modes for all the simulated systems and found that this deviation, whereas insignificant for short chains and highly diluted systems, becomes progressively more severe for systems with longer chains at increased concentrations. This deviation can be attributed to overlapping of the chains. The coupling in the motion of the chains broadens the distribution of relaxation times resulting initially in differences between the simulation spectra and the Rouse model spectrum. For chains with Nϭ150 at higher densities, overlapping results in the considerable broadening of the dielectric loss spectra observed in Fig. 5͑c͒ . Therefore, normal-mode analysis clearly demonstrates the spectra broadening upon chain overlapping, but it provides no physical insight into the nature of the process responsible for the appearance of the secondary loss peak. One possible path of investigation is to examine the role of entanglement effects in the bimodal normal-mode relaxation process.
To this end, we calculate the mean squared displacement g 1 (t) of only the inner five beads, so that the long chain behavior is revealed.
͑3.6͒
In Fig. 8 g 1 (t) is plotted for systems with Nϭ100 and Nϭ150 beads, at different densities . For low densities two different regimes are distinct: g 1 (t)ϰt 1/2 for tϽ R and g 1 (t)ϰt 1 for tϾ R , where R is a characteristic relaxation time of the systems. It is also observed that the inflection point, demarcating the two regimes, occurs at smaller times for shorter chains and dilute systems. These observations are in accordance with theoretical predictions. For nonentangled RW chains, three qualitatively different regimes of chain motion can be identified. 15, 16 
where C is a fast characteristic relaxation time of local properties, such as chemical bonds and R is a characteristic relaxation time of polymer dimensions, such as the end-to-end distance. The first fast regime is not revealed by the simulations, since the model is coarse-grained. In addition, sampling was performed with frequencies much lower than frequencies of the order of 1/ c . The curves indicate the slowing of the motion of the beads with increasing concentration. It is also observed that for a given concentration at the short time scales the displacements of the systems with Nϭ100 and Nϭ150 beads are identical, indicating that the motion of the inner beads at short times is only a function of the concentration. For higher densities the two curves deviate from each other, signaling the crossover to slower motion for longer chains. For the denser systems with Nϭ150, the motion of the inner beads slows down, signaling the onset of entanglements. The reptation theory predicts five different regimes for g 1 (t) for entangled chains
where e is the entanglement time and d is the disentanglement time. 16 In Fig. 8 it is seen that the systems with N ϭ150 beads slowly tend to the theoretical behavior, predicted by Eq. ͑3.8͒. It is also observed that the crossover between the g 1 (t)ϰt 1/2 and g 1 (t)ϰt 1/4 regimes occurs at shorter times with decreasing concentration. This crossover indicates the entanglement length. Using for the crossover, g 1 ( e )ϭ2͗R g 2 (N e )͘, Kremer and Grest calculated the entanglement length to be N e ϭ35, for ϭ0.85.
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From the above, we can conclude that the denser systems studied are in the entangled regime. We can therefore attribute the appearance of the second peak in the dielectric spectra to entanglement effects, which alter the mechanism of the rotational relaxation, so that two separate modes become important.
Still, it would be desired to explain the two peaks in more phenomenological terms, i.e., identify two distinct types of motion with disparate relaxation time scales giving rise to the form of the loss spectra. Such a simple phenomenological approach can be based on the recognition that, since Rϭ͉R͉u, where ͉R͉ is the end-to-end distance and u is a unit vector, the correlation function R (t) is comprised by two relaxation functions S (t) and u (t) that describe the stretching and the rotation of the chains respectively. u (t) is calculated like R (t), by an equation similar to Eq. ͑1.2͒.
s (t) is defined as
͑3.9͒
These modes might indeed be equally important and have such relaxation rates that result into two distinct peaks in the frequency domain. The suggestion that the stretching mode might play an important role in the relaxation spectrum was first raised by Adachi and Kotaka. 7 However, to date there has not been a quantitative analysis verifying such an assumption.
To examine this assumption, we plot R (t), u (t), and s (t) for a system with Nϭ100 at ϭ0.7, in Fig. 9 . It is observed that the stretching relaxation process does play a role in the total relaxation of the end-to-end vector. However, the rotational correlation function is the dominant component of R (t).
To further clarify the roles of u (t) and s (t), we plot the spectra of all the correlation functions in Fig. 10 . It becomes clear that the shape of the spectrum of R (t) is determined primarily by the rotation of the molecules. The stretching alters the total correlation function slightly, but the spectrum of the latter follows the behavior of the rotational spectrum.
Since the spectra of R (t), u (t), and s (t) show the same behavior for all the systems studied, we can safely conclude that the stretching mode does not significantly af fect the shape of the relaxation spectra. Consequently, a need for an in depth analysis of the rotational motion of the chains becomes apparent. It is tempting to speculate that the secondary peak is the result of the fluctuations of a segment of size N e . To test this hypothesis, we separated the chains with Nϭ150 beads into three parts and calculated the correlation functions of the ends and of the inner part. The two end segments had sizes of 30, 40, or 50 beads. Unfortunately, the loss spectra obtained do not unambiguously indicate that the secondary peak stems from the motion of the ends. We do feel, however, that the nature of the dielectric loss spectra would more definately be elucidated with simulations of longer than Nϭ150 chains, but such an undertaking exceeds the scope of the present work.
From the dielectric spectra, the normal-mode relaxation time, n , can be calculated as the inverse of the frequency f max , where the maximum of the dielectric loss occurs. 6 The calculated n are presented in Table I .
In Ref. 1, it was found that the normal-mode relaxation times follow a universal behavior with the bead density, for р0. 4 .
where o is the relaxation time at infinite dilution and A is a fitting parameter, dependent on the molecular weight.
In Fig. 11 , we plot n / o versus A, using the o and A calculated in Ref. 1 . It is observed that the dense systems do not follow the fitting curve, obtained from dilute and semidilute solutions. Therefore, it can be deduced that the dense systems do not follow the exponential dependence on concentration that the nonconcentrated solutions do.
In Fig. 12 , we plot the calculated normal-mode relaxation times as a function of the chain size, for different densities. For nonentangled chains the Rouse theory predicts that, n ϰN 2 , whereas for chains longer than the critical length the reptation theory predicts n ϰN 3 . Experiments agree reasonably well with the Rouse theory for nonentangled chains. However, the reptation theory underestimates the experimental findings for the relaxation time scaling, n ϰN 3.7Ϫ4.0 . Since, the critical length is N c ϭ2N e , it can be assumed that for the denser system studied here, at ϭ0.8, we have N c Ӎ80. It is seen in Fig. 12 that the less concentrated systems show scalings that agree well with the Rouse theory. For the most dense systems at ϭ0.8 with NϾN c we find that n scales with N with a power greater than the reptation prediction of three. However, we would refrain from reaching definite conclusions about this scaling, given that only two simulated systems are in the regime of FIG. 10 . Dielectric loss spectra calculated from R (t), u (t), and s (t) for Nϭ100 at ϭ0.6. interest. Simulations of longer chains in high densities could clarify whether the reptation theory can describe the model systems in the entangled regime.
IV. CONCLUSIONS
We have examined flexible macromolecules in concentrated solutions of a good solvent. The structural and dynamic characteristics are computed and compared with dielectric spectroscopy experiments. A coarse-grained beadand-spring model was used to simulate the polymers and complement our previous work, where dilute and semidilute solutions were studied.
It was determined that the static properties exhibit the property of universality throughout the concentration range. . In addition, the simulation results verify the scaling ͗R 2 ͘ϰ1ϩKC
Ϫ1/2
, proposed by Muthukumar and Edwards. It was also shown that the chains in concentrated solutions acquire random-walk conformations.
The dynamic properties were first examined in terms of the dielectric loss spectra. The loss curves broaden considerably with increasing concentration, above the crossover densities that separate the dilute and semidilute solution regimes. Entanglements have not yet set in for these densities, so the broadening is attributed solely to overlapping of the chains. For higher densities a second peak appears clearly in the high frequency side of the dielectric spectra. An attempt to interpret these findings in terms of a bimodal relaxation of the end-to-end vector, which encompassed chain rotation and stretching, failed. This indicates that the rotational relaxation is mainly responsible for the form of the relaxation spectrum, embedding information about both the normal-mode and the secondary processes. Entanglements clearly affect the dynamics of the chains for denser systems, as the mean squared displacement results indicate. It can therefore be suggested that the topological constraints stemming from entanglements for long chains at high densities give rise to another relaxation mechanism, which was also observed in experiments. These findings cannot be reconciled by the reptation theory, which does however, capture the general trends of the dynamic behavior of dense polymer systems. Simulations of longer chains with 200-400 beads would more decidedly resolve the nature of the second peak, but the simulation times for these systems are prohibitively long with present computers.
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